We present the low temperature transport properties of an individual single-crystalline Bi nanowire grown by the on-film formation of nanowire method. The temperature dependent resistance and magnetoresistance of Bi nanowires were investigated. The phase coherence length was obtained from the fluctuation pattern of the magnetoresistance below 40 K using universal conductance fluctuation theory. The obtained temperature dependence of phase coherence length and the fluctuation amplitude indicates that the transport of electrons shows 2-dimensional characteristics originating from the surface states. The temperature dependence of the coherence length derived from the weak antilocalization effect using the Hikami-Larkin-Nagaoka model is consistent with that from the universal conductance fluctuations theory. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4863421] Semimetal bismuth has been widely employed for the study of electrical quantum effects, especially for the enhancement of thermoelectric performance due to quantum confinement. [1] [2] [3] [4] The low carrier effective mass, m*, and long mean free path, l, of Bi result in high electrical mobility. For Bi nanowires (NW), the small carrier concentration, n, and the band overlap energy leads to semimetal-semiconductor (SMSC) transition as the diameter of the wires decreases. 1,2 This SMSC transition is predicted for Bi nanowires with diameters less than 30 nm, depending on the crystal orientation, and is concurrent with the enhancement of the Seebeck coefficient. 3,4 Studies of magnetic transport phenomenon to analyze the surface states of Bi nanowires show quantum oscillations, such as Shubnikov-de Hass (SdH) and Aharonov-Bohm (AB), superimposed on magnetoresistance (MR). 5, 6 These quantum oscillations in Bi nanowires suggest significant contribution from the 2-dimensional (2D) surface states in smaller diameter (d < 50 nm) Bi nanowires where the surface to volume ratio become drastically different from the bulk. 7, 8 Recent studies also revealed that the surface induced effect becomes more pronounced as the SMSC transition becomes apparent for the Bi nanowires with smaller diameters. 9 Although the properties of low dimensional Bi nanowire, including low carrier concentration, long mean free path, low effective carrier mass, and anisotropic Fermi pockets, have been investigated, the quantitative analysis of properties related to the electron interference effects has not been reported in Bi nanowires with the diameters smaller than 35 nm, the regime where the SMSC transition and the surface states significantly change the electronic properties of nanowires. For a mesoscopic system with disorder and strong spin-orbit coupling, the phase coherent magneto-transport at low temperatures result in the appearance of weak antilocalization (WAL) and universal conductance fluctuations (UCF) effects. [10] [11] [12] These phenomena are affected by the phase-coherence length, l a , defined as the length where phase-coherent transport is preserved. Therefore, WAL and UCF are commonly used in determining the phase-coherence length of a material system. [13] [14] [15] In this paper, we report the WAL and UCF in a singlecrystalline Bi nanowire grown by on-film formation of nanowire (OFF-ON) method. 16 The phase coherence length of Bi nanowire was analyzed using magnetoresistance by the Hikami-Larkin-Nagaoka (HLN) model and UCF theory. 17, 18 The obtained temperature dependence of the phase coherence length indicates that the 2D transport behavior due to the surface states of Bi nanowire dominate the observed bulk transport characteristics.
Single-crystalline Bi nanowires were grown using OFF-ON method ( Fig. 1(a) ). 16 Bi films with a 44 nm thickness were deposited on thermally oxidized Si (100) substrate using a custom-made sputter deposition system. Since the diameter of the nanowires is dependent on the grain size of the film, liquid nitrogen cooling system was used to obtain small diameter Bi nanowires close to 30 nm. 19 The sputtering system was evacuated to 10 À7 Torr prior to deposition, and the vacuum was maintained during sputtering under 2 mTorr Ar environment for 10 s. The growth rate of the Bi thin film was 44 Å /s. The Bi thin films were subsequently placed in a custom-made vacuum furnace for thermal annealing to grow nanowires by OFF-ON method ( Fig. 1(b) ). Annealing was performed in a vacuum of 10 À7 Torr at 250 C for 5 h. The growth direction of the nanowire is [100], which is vertical to the transmission electron microscope (TEM) image shown in Figure 1 (c), and the electron diffraction (ED) pattern shows that the nanowire is a perfect single-crystalline ( Fig. 1(d) ). 20 A thermally oxidized Si (100) substrate was patterned with a grid of markers by photolithography and lift-off process before Bi nanowire dispersion. The Bi nanowires were dispersed by direct contact of grown nanowires to the Si a)
Authors to whom correspondence should be addressed. Electronic addresses: wooyoung@yonsei.ac.kr and pk2015@columbia.edu substrate. The combination of electron-beam lithography and a lift-off process was utilized to fabricate inner micron-scaled Cr/Au (2 nm/200 nm) electrodes. Plasma etching system was used to remove the oxide layer from the outer surface of the nanowires before the deposition of electrodes ( Fig. 1(e) ). 21, 22 The etching and deposition of electrodes were done in-situ without breaking the vacuum in order to prevent further formation of the oxide layer. All measurements were done in a helium cryostat equipped with a 9 T magnet at the temperature range from 1.85 K to 300 K. The magnetic field was perpendicular to the growth direction of the wires. The magnetoresistance was measured by a lock-in technique with an AC bias current of 100 nA. All measurements were done by the 4-terminal method in order to remove the contribution of contact resistance. Figure 2 (a) shows the temperature dependence of the resistance of three individual single-crystalline Bi nanowires with different diameters, 45, 39, and 33 nm, respectively. Since the carrier concentration of Bi ($3 Â 10 17 cm À3 ) is much smaller compared to normal metals, the temperature, T, dependent resistance, R(T), measured in these nanowires are determined by the competition between mobility and carrier concentration. 6 We observe R(T) of the 45 nm Bi nanowire monotonically decreases with decreasing T. For thinner nanowires, R(T) exhibits a non-monotonic temperature dependence, i.e., R(T) first increases as T decreases followed by decreasing R(T) for decreasing T < 100 K. Similar diameter dependent R(T) behaviors were observed in Bi nanowires in a previous study, 1 where the non-monotonic dependence in small diameter nanowires is attributed to the competition between T dependent carrier-acoustic phonon scattering and the carrier non-specular surface scattering due to the classical size effect. In this study, we focus on the smallest diameter (33 nm) nanowire in the low temperature regime where the phase coherent quantum transport becomes apparent.
Figure 2(b) shows the magnetoresistance of individual Bi nanowire with 33 nm diameter at temperatures between 1.85 and 40 K, normalized to the resistance at zero magnetic field at the same temperature range. Magnetoresistance shows two physical phenomena related to the phase coherence length l a . The first is the narrow valley originating from WAL near the zero magnetic field. 10, 14 Usually, WAL occurs when the strong spin-orbit interaction reverses the sign of the resistance correction in the weak localization (WL) phenomena. Without a strong spin-orbit coupling, the WL effect can be identified by the increase of resistance near the zero magnetic field because of the conductance correction by electron localization. In WAL, the additional phase shift arising from the spin-orbit interaction leads to the constructive interference of time-reversal pair of electron waves scattered by impurities, which in turn reduces the resistance around zero magnetic field. The second is the UCF which originates from the change of interference of the time-reversal pair of electron waves in a mesoscopic system, i.e., the size of system is not too different from l a , when the phase of the waves shifts according to the enclosed magnetic flux in the various closed loops of electron trajectories. 11, 15 These two effects are based on diffusive transport phenomena due to elastic scattering, and therefore can only be observed in low-temperature range where the inelastic scattering of phonons and electrons are frozen out. For Bi nanowires, the aforementioned effects were prominent below 10 K and were used to determine the phase coherence length, l a , of the material system. 14, 15, 23, 24 For a more detailed analysis of the electron interference with UCF, the corresponding conductance fluctuations dG was separated from the magnetoresistance (Fig. 2(b) ). The magnetoresistance was normalized to the conductance quantum e 2 /h after the classical contribution G 0 was eliminated. The classical MR is proportional to the fundamental quantity x c s, where x c and s are the cyclotron frequency and relaxation time, respectively. 5 The cyclotron frequency x c is proportional to the square of the magnetic field B. 16 To extract the classical contribution, the quadratic fitting of measured MR was used. Figure 3(a) shows the conductance fluctuation at 1.85, 4, and 10 K, and the decrease of amplitude can be observed as the temperature increases. The amplitude of dG with a magnitude of one-tenth of e 2 /h at 1.85 K agrees well with the correlation equation of the amplitude, dG, dG / l / =L À Á 3=2 ;
(1) since the channel length, L, is relatively longer compared to the phase coherence length l a . 11 For the quantitative analysis of the magnitude of dG, root mean square (rms) of the conductance fluctuation, rms(dG), which is defined by ffiffiffiffiffiffiffiffiffiffiffiffi hdG 2 i p , is used. Here, h…i expresses the ensemble average. Figure 3(b) shows the temperature dependence of rms(dG) in log scale. The value increases as temperature decreases. The temperature dependence of the conductance fluctuation from 1.85 to 20 K is linear and fitted to be T À0.77 as shown by the dash line. We will discuss the temperature dependence of rms(dG) later after the analysis of the temperature dependence of the phase coherence length l a . Another important quantity that can be derived from dG is the correlation field B c , which can be calculated through the auto- 18 B c is defined as the full width at half maximum of the autocorrelation function F B c ð Þ ¼ 1 2 Fð0Þ. From the B c value calculated from dG(B), it can be seen that B c linearly decreases proportional to T 0.43 as the temperature decreases from 40 K to 1.85 K (Fig. 3(c) ). The temperature dependence of l a can be determined from the relation of B C and the phase coherence length, l a , l / % U 0 =B c d, where U 0 and d are the magnetic flux quantum, U 0 ¼ h=e, 21, 25 and diameter, respectively.
A direct relation between B c and l a allows us to find the temperature dependent phase coherence length. Figure 4(a) shows the obtained temperature dependence of the coherence length l a using UCF analysis, which increases with decreasing temperature proportional to T À0.43 . From the temperature dependence of l a , we can obtain the dimensionality of the system. Theoretically, the coherence length is proportional to T À1/3 , T À1/2 , and T À3/4 for the one, two, and three-dimensional system, respectively. 26 Previous studies reported that Bi nanowire with the diameter of 100 nm has one-dimensional system 12 compared to three-dimensional bulk characteristics shown in 400 nm diameter. 21, 22 At the large diameter range, the 2D surface state effect is veiled due to the small surface to volume ratio and large bulk electrons compared to the surface carrier density. 12 However, the obtained exponent of À0.43 reflects that the system is a hybridization of one and two dimensions. The fact that this exponent is closer to the two-dimensional system value À0.5 suggests that the surface state of Bi plays a significant role in transport. Furthermore, the fitting which regards the saturation of l a at low temperature shows perfect linear dependence and the exponent of À0.51. 15 In Bi thin films and Bi nanowires below 50 nm, surface state effect appears on bulk characteristics due to its large surface to volume ratio. 7, 8 The surface induced carrier concentration originating from the surface state was found to be n s ¼ 5 Â 10 12 cm À2 . 9 The estimated carrier concentration of the 33 nm diameter nanowire was calculated to be 6.0 Â 10 18 cm À3 , based on the relation of the nanowire carrier concentration 2n s /r, where r is the radius of the nanowire. The surface induced carrier concentrations of the nanowires are significantly large relative to that of the one-dimensional system, and, as a result, the system is dominated by two-dimensional characteristics. The quantum transport parameters with variation of temperature are listed in Table I .
We now discuss the temperature dependence of rms(dG) $ T À0.77 observed above. Since the estimated l a in all temperature range of our experiment is less than 500 nm, which is much less than the channel length L ¼ 1 lm in our device, we expect Eq. (1) to hold for the amplitude fluctuation for dG. From the previous discussion, we can approximate l a $ T À1/2 , therefore, we expect rms(dG) $ l a 3/2 $ T À3/4 . The temperature dependence of rms(dG) observed in the Bi NW is proportional to T À0.77 , which is close to the theoretically expected value from the UCF theory, 18 and reaffirms that the dimensionality of the system is dominated by 2D characteristics.
The WAL of MR in weak magnetic field range (À1.4 to 1.4 T) is similar to the UCF. Since WAL is sensitive to the phase coherence, the temperature dependence of l a can be estimated from the background of magneto-conductance change, dG WAL (B) ¼ G(B) À G(0). In the HLN theory, 17 dG WAL can be related to l a via the phase coherence magnetic field B / ¼ h 4el 2 / , using the equation
(2)
where a and w are the fitting parameter and the digamma function, respectively. Fitting Eq.
(2) for B a for the curves of dG WAL (B) at different temperature ( Fig. 4(b) ), we can then find the temperature dependent l a . Figure 4(a) shows l a obtained from the WAL analysis compared to the previously obtained l a from the UCF analysis. We find that l a from the WAL analysis shows T À0.52 dependence, which is consistent with that obtained from the UCF theory. In summary, the magnetoresistance of an individual single-crystalline Bi nanowire grown by the OFF-ON method was measured. The observed dip near zero magnetic field and the fluctuation with magnetic field sweep originate from WAL effect and UCF, respectively. The temperature dependence of the phase coherence length obtained from the UCF theory confirmed that the transport of carriers shows 2D characteristics that originates from the surface states of Bi nanowires. The exponential coefficient from the temperature dependence of the coherence length derived from the WAL effect using HLN model is consistent with the value obtained from the UCF theory. Our investigations demonstrate that the surface states of Bi nanowires dominate the bulk transport characteristics in the diameter range close to 30 nm. 
